Despite the similarities of prepulse inhibition (PPI) of the startle reflex and its apparent neural regulation in rodents and humans, it has been difficult to demonstrate cross-species homology in the sensitivity of PPI to pharmacologic challenges. PPI is disrupted in rats by the indirect dopamine (DA) agonist amphetamine, and while studies in humans have suggested similar effects of amphetamine, these effects have been limited to populations characterized by smoking status and specific personality features. In the context of a study assessing the time course of several DA agonist effects on physiological variables, we failed to detect PPI-disruptive effects of amphetamine in a small group of normal males. The present study was designed to reexamine this issue, using a larger sample and a paradigm that should be more sensitive for detecting drug effects. PPI in rats was shown to be disrupted by the highest dose of amphetamine (3.0 mg/kg) at relatively longer prepulse intervals (430 ms). In humans, between-subject comparisons of placebo (n ¼ 15) vs 20 mg amphetamine (n ¼ 15) failed to detect significant PPI-disruptive effects of amphetamine, but significant PPI-disruptive effects at short (10-20 ms) prepulse intervals were detected using within-subject analyses of postdrug PPI levels relative to each subject's baseline PPI. Post hoc comparisons failed to detect greater sensitivity to amphetamine among subjects characterized by different personality and physiological traits. Bioactivity of amphetamine was verified by autonomic and subjective changes. These results provide modest support for crossspecies homology in the PPI-disruptive effects of amphetamine, but suggest that these effects in humans at the present dose are subtle and may be best detected using within-subject designs and specific stimulus characteristics.
INTRODUCTION
Deficits in prepulse inhibition (PPI) of acoustic startle have been identified in several neuropsychiatric disorders, including schizophrenia and Tourette syndrome, and the neurobiology of PPI deficits has been the focus of intense study in humans and animal models. One of the challenges in these studies is to determine the degree to which the neural substrates regulating PPI and PPI deficits can be translated across species, from rodents to humans. To date, findings related to the neural regulation of PPI in humans and rats suggest both similarities and differences across species.
For example, there is evidence for cross-species homology in the regulation of PPI by certain components of corticostriato-pallido-thalamic (CSPT) circuitry. PPI is impaired both in patients with Huntington's disease (HD) (Swerdlow et al, 1995) , and in mice (Carter et al, 1999) and rats (Kodsi and Swerdlow, 1997) with genetically or surgically induced damage of the striatum. Other studies suggest that diminished prepulse effects on startle in schizophrenia are associated with a failure to activate midline thalamic nuclei (Hazlett et al, 1998) , and transient chemical inactivation of this region in the rat is accompanied by PPI deficits (Swerdlow et al, 2002c) . Some neuropharmacologic homology is suggested by the disruption of PPI in humans and rats by indirect and direct (Abduljawad et al, 1997 (Abduljawad et al, , 1998 ) dopamine (DA) agonists, and the enhancement of PPI in humans and rats by nicotine (Kumari et al, 1996; Curzon et al, 1994) .
However, the cross-species differences in PPI neuropharmacology are equally striking. The noncompetitive NMDA antagonist ketamine enhances prepulse facilitation elicited by short prepulse intervals (30 ms), and reduces or eliminates PPI elicited with longer prepulse intervals (30-500 ms) in rats . In humans, however, studies using 30-120 ms prepulse intervals have identified only PPI-potentiating effects of ketamine (van Berckel et al, 1998; Duncan et al, 2001) . The indirect DA agonist/uncompetitive NMDA antagonist amantadine exhibits a biphasic interval-dependent effect on PPI in rats (potentiation at short intervals, disruption at long inter-vals), and in humans we have observed only significant PPIpotentiating effects of this drug across a range of intervals (Swerdlow et al, , 2001a .
The cross-species complexities are not limited to the NMDA regulation of PPI. For example, the substituted amphetamine 3,4-methylenedioxy-methamphetamine (MDMA) reduces PPI in rats and increases PPI in humans (Vollenweider et al, 1999) . A careful assessment of the effects of dopaminergic drugs on human PPI reveals that the indirect DA agonist amphetamine reduced PPI only in specific subgroups of humans, distinguished by their smoking history (Kumari et al, 1998) or personality features . That different subsets of humans might be more or less sensitive to these PPI-disruptive effects is not surprising, given the ample preclinical evidence for infrahuman strain differences in sensitivity to the PPI-disruptive effects of DA agonists (Swerdlow et al, 2000b (Swerdlow et al, , 2001c . One report of reduced PPI in humans treated with the D2 blocker haloperidol (Abduljawad et al, 1998 ) is also at odds with the predominant effect of haloperidol on PPI in rats (Mansbach et al, 1988; Swerdlow et al, 1994; cf Swerdlow and Geyer, 1998; cf Geyer et al, 2001 ), although we have also occasionally observed PPI-reducing effects of this drug in rats, particularly juveniles (Martinez et al, 2002) . Finally, our findings have led us to question the robustness of the PPI-disruptive effects of the D2 agonist bromocriptine in humans, but this may not be surprising, since this bromocriptine effect in rats is also relatively weak, and observed only with high doses and relatively long (X60 ms) prepulse intervals .
While there are considerable challenges to translating the neural substrates regulating PPI from rat to man, this process may pay substantial dividends. PPI deficits are being used successfully in a number of important lines of investigation, from the development of novel antipsychotic agents (Swerdlow et al, 1994; Mansbach et al, 1998; cf Swerdlow and Geyer, 1998; cf Geyer et al, 2001 ) to the identification of vulnerability genes for schizophrenia (Joober et al, 2002; cf Braff and Freedman, 2002) . These efforts would benefit greatly from a map of the neural circuit regulation of PPI in humans, which could guide the search for functional targets of therapeutic drugs and candidate genes.
The present study was designed to extend our understanding of the dopaminergic regulation of PPI across species by testing three specific hypotheses. In a study surveying the time courses of four different DA agonists' effects on psychological and psychophysiological measures, we failed to detect any evidence of amphetamine-induced PPI deficits in a small group of subjects (active dose (20 mg): n ¼ 6) using a simplified test session with only a single-prepulse interval (100 ms) (Swerdlow et al, 2002b) . One aim of the present study was to extend this assessment, using a larger sample and a range of short-to-long prepulse intervals (10-120 ms). Previous studies have demonstrated both dose-and interval-dependent effects of DA agonists on PPI in rats using this range of prepulse intervals (MartinIverson and Else, 2000; Swerdlow et al, 2001d , and the present study tested the hypothesis that there are interval-dependent effects of amphetamine on PPI across this interval range in rats and humans; conceivably, we may have missed such effects of amphetamine on PPI in normal humans by using only the 100 ms prepulse interval in our previous work (Swerdlow et al, 2002b) . Findings from other groups have suggested that certain population characteristics might make individuals more 'sensitive' to the effects of amphetamine, and particularly its PPI-disruptive effects (Kumari et al, 1998; . For this reason, we tested the hypothesis that amphetamine-induced PPI deficits might be detected in specific subsets of normal human subjects, characterized by personality and physiological markers associated with amphetamine sensitivity ('Sensation Seeking' (Zuckerman et al, 1972) ) and brain DA function ('Novelty Seeking' (Cloninger et al, 1991) and spontaneous blink rate (Karson et al, 1980 (Karson et al, , 1984 ). Finally, sensorimotor gating measured by PPI is related conceptually and perhaps neurobiologically to other measures of stimulus 'gating', and it is conceivable that these related measures may be sensitive to 'gating-disruptive' effects of amphetamine. For example, 'sensory' gatingFas assessed by PPI of perceived stimulus intensity (PPIPSI; Swerdlow et al, 1999) Fis disrupted in humans by the indirect DA agonist amantadine (Swerdlow et al, 2001a , and tactile startle habituation, like PPI, is impaired in schizophrenia patients (Geyer and Braff, 1982) . In the present study, we tested the hypothesis that amphetamine would disrupt sensory gatingFmeasured by PPIPSIFand startle reflex habituation in normal human subjects.
METHODS

Rat Studies
A total of 34 male Sprague-Dawley rats (225-250 g; Harlan Laboratories) were housed in groups of 2-3 and maintained on a reversed 12 : 12 h light/dark schedule (lights off at 0700), with food and water provided ad libitum. Behavioral testing occurred between 0900 and 1700. Animals were handled individually within 3 days of arrival, and 2-3 Â / week thereafter.
Each of four startle chambers (SR-LAB, San Diego Instruments, San Diego, CA) was housed in a soundattenuated room with a 60 dB(A) ambient noise level, and consisted of a Plexiglas cylinder 8.2 cm in diameter resting on a 12.5 Â 25.5 cm 2 Plexiglas frame within a ventilated enclosure. Acoustic noise bursts were presented via a speaker mounted 24 cm above the animal. A piezoelectric accelerometer mounted below the Plexiglas frame detected and transduced motion within the cylinder. The delivery of acoustic stimuli was controlled by the SR-LAB microcomputer and interface assembly, which also rectified, digitized (0-4095), and recorded stabilimeter readings, with 100 onems readings collected beginning at stimulus onset. Startle amplitude was defined as the average of the 100 readings. Background noise and all acoustic stimuli were delivered through one Radio Shack Supertweeter (frequency response predominantly between 5 and 16 kHZ) in each chamber. Stimulus intensities and response sensitivities were calibrated to be nearly identical in each of the four startle chambers (maximum variability o1% of stimulus range and o5% of response ranges). Chambers were also balanced across all experimental groups. Sound levels were measured and calibrated with a Quest Sound Level Meter, A scale (relative to 20 mN/m 2 ), with the microphone placed inside the Plexiglas cylinder; response sensitivities were calibrated using an SR-LAB Startle Calibration System. After a 5 min acclimation period with 70 dB(A) background white noise, rats were exposed to 42 trials that included six conditions: a 120 dB(A) 40 ms noise burst presented alone (P-ALONE); and the same 120 dB(A) 40 ms noise burst preceded 10, 20, 30, 60, or 120 ms by a prepulse (5 ms noise burst) that was 15 dB(A) above background (PP10, PP20, PP30, PP60, and PP120 ms, respectively). The session began and ended with three consecutive P-ALONE trials; between these trials, the six trial types were each repeated six times in pseudorandom order. Intertrial intervals averaged 15 s (range 10-20 s). Testing began 10 min after treatment with amphetamine (vehicle (saline), 0.03, 0.3, and 3.0 mg/kg, s.c., n ¼ 8-10/dose). The highest dose (3.0 mg/kg) was selected based on dose-response effects on rat PPI detected in previous studies (Mansbach et al, 1988) ; the lower doses were selected based on our findings that PPI-enhancing effects of DA agonists can be observed at doses that are orders of magnitude lower than those that consistently disrupt PPI (Swerdlow et al, 2001d) .
Human Studies
The methods used in these studies were very similar to those used in studies described in a recent report (Swerdlow et al, 2002a) , were approved by the UCSD Human Subjects Institutional Review Board (IRB 011202), and were approved and supported by the National Institute of Mental Health (MH 59803). A total of 30 R handed males (Table 1) completed testing; the study involved phone contact and two laboratory visits ( Figure 1 ) and subjects were paid $140 (US) for study completion. Phone screening procedures were identical to those described in previous reports from our group (Swerdlow et al, 2000a (Swerdlow et al, , 2002b .
As in Swerdlow et al (2000a Swerdlow et al ( , 2002b , the present human drug studies had a modified between-subject design ( Figure  1 ), in which all subjects received a limited startle 'pretest' without drug, followed approximately 1 week later by a more extensive test day that began with consumption of either placebo or active drug. During the 'pretesting' session the Principle Investigator (NRS) informed each subject (n ¼ 48) of the potential risks and benefits of the study. Subjects also read and signed a consent for study participation, and completed a urine toxicology test with exclusion for any drug. Subjects completed a startle 'matching test' to assess acoustic startle reflex; six subjects were excluded for mean eyeblink acoustic startle magnitude o50 units. EMG methodology was identical to that in Swerdlow et al (2000 Swerdlow et al ( , 2002 . Subjects also completed the Tridimensional Personality Questionnaire (TPQ) (Cloninger et al, 1991) to assess the relation between novelty seeking scores (NS) and sensitivity to the effects of amphetamine on PPI, based on reports that high NS individuals are most sensitive to the PPI-disruptive effects of amphetamine . Data from the pretest session in a subset of the present sample were included as part of a large (n ¼ 80) report on the relation between personality and eyeblink characteristics on baseline (drug free) PPI (Swerdlow et al, 2002a) . Subjects also completed the Sensation Seeking Scale (Zuckerman et al, 1972) , based on reported increased sensitivity to amphetamine in individuals scoring high on this measure .
Subjects sat upright during all startle sessions, were directed to look straight ahead, and to stay awake. Acoustic startle stimuli were delivered by Telephonics (TDH-39-P, Maico) headphones. During each startle session, a background 65 dB(A) white noise continued throughout the session and was followed 3 min after onset by the startle trials. During this acclimation period, the number of spontaneous eyeblinks was counted by a remote observer using a Radio Shack security camera system (model 49-2513) (interobserver R ¼ 0.97). The startle session during pretesting consisted of the 'INTERVAL session'. The INTERVAL session consisted of 42 trials that included six conditions: a 118 dB(A) 40 ms noise burst presented alone (P-ALONE); and the same 118 dB(A) 40 ms noise burst preceded 10, 20, 30, 60, or 120 ms by a prepulse (5 ms noise burst) that was 16 dB(A) above background (PP10, PP20, PP30, PP60, and PP120 ms, respectively). The test session was structured identically to that described above for rat studies, except that intertrial intervals averaged 20 s (range 15-25 s).
Reasons for subject disqualification (n ¼ 18; not included in 'final' sample n ¼ 30) are seen in Table 2 . The primary reasons for disqualification were that subjects had low startle magnitude (n ¼ 6) or withdrew from testing prior to the test day (n ¼ 6). One subject was not tested because his pretest PPI level (mean PPI ¼ À30%) was 43 SD below the rolling group mean. Subjects who passed the 'pretest' screening criteria returned for the test day 7-10 days later, having been instructed to maintain their normal patterns of caffeine consumption prior to testing, based on reported effects of caffeine withdrawal on PPI (Swerdlow et al, 2000a) . Subjects were recruited for studies continuously over approximately a 3-month period, and were assigned to active drug vs placebo groups for each drug based on a 'rolling average' strategy, using pretest mean acoustic PPI measures to obtain groups with comparable 'baseline' acoustic PPI values (Swerdlow et al, 2001b) .
Our group and others (eg Peak 1939; Blumenthal et al, 1996 Blumenthal et al, , 2001 Cohen et al, 1981; Perlstein et al, 1993) have reported the ability of prepulses to inhibit the perceived intensity of startling stimuli. A 'LOUDNESS session' was used to test drug effects on this form of 'sensory gating'. During this test, subjects held a pen and sat in front of a music stand that held a stack of paper. On each sheet of paper was a 100 mm line. Subjects were instructed to make a mark on the line corresponding to their perceived intensity of each noise, with the extreme left end of the line corresponding to 'can't hear', and the extreme right end of the line corresponding to 'intolerably loud'. Subjects were observed remotely to be certain that one piece of paper was used for each startle trial. The LOUDNESS session consisted of 48 trials that included three conditions: P105 (105 dB(A) 40 ms noise burst), and P105 preceded 120 ms by either a 12 dB prepulse (PP12/P105) or a 16 dB prepulse (PP16/P105), to permit detection of intensity-dependent prepulse effects. This session began with three P105 trials, followed by 15 repetitions of each of the three trial types in pseudorandom order.
On the drug test day, subjects arrived at 0830, received a standardized breakfast and a second urine toxicological examination, and hearing was retested as described in Swerdlow et al (2000a Swerdlow et al ( , 2002b . At 0915 subjects consumed either active (20 mg) or inactive (placebo) pills; neither subject nor experimenter knew the pill identity. This active dose has previously been reported to disrupt PPI in normal humans . Testing started at 0940. The test began and ended with the INTERVAL session (INT1 and INT2). Between these sessions, tests were conducted to assess startle habituation (HAB session) and perceived startle stimulus intensity (LOUDNESS session). The HAB session consisted of 50 repetitions of 40 psi 40 ms air bursts (PUFF) delivered from a compressed air tank aimed under the subjects' chins via a small rubber tube. A constant intertrial interval of 15 s was used. The HAB session followed the LOUDNESS session.
Heart rate and blood pressure were determined (sitting position, brachial cuff), and subjects completed a symptom rating scale every 30-45 min, the first one before pill ingestion, the second immediately before the first startle session and thereafter between each startle session and after the final session. Symptom rating scales were designed to assess general somatic and psychological symptoms and level of consciousness (modified from Norris, 1971; Bond and Lader, 1974; Bunney et al, 1999) , and were identical to those described in Swerdlow et al (2000a Swerdlow et al ( , 2002b . Ratings were treated as continuous variables and were analyzed with mixed-design ANOVAs.
For both rat and human studies, PPI was defined as (100À(100 Â magnitude on prepulse trial/magnitude on pulse alone trial)). Startle magnitude and PPI were analyzed with mixed-design ANOVAs, with trial type (and block) as within-subject factors, and drug condition as betweensubject factors. To assess startle habituation in humans, the HAB session was divided into five blocks of 10 trials each, and startle magnitude was analyzed with block as a withinsubject factor. No consistent drug interactions were noted with eye side (left vs right), and thus the main effects of eye side and interactions are not reported. In humans, ANOVAs were completed using both raw data collected from INT1 and INT2 sessions on the test day, and during the 'pretest' session (for startle measures) or from values recorded prior to drug administration (for autonomic and self-rating measures). Startle data from the INT sessions were analyzed as 'difference scores', using each subject's pretest or predrug performance as a 'baseline'. This approach enhances the sensitivity of the measures, by reducing the impact of between-subject variability on the dependent measures (Swerdlow et al, 2000) . Startle, autonomic, and self-rating variables were treated as continuous. For the LOUDNESS session, due to the relatively weak startle pulse (105 dB(A)), several test subjects exhibited minimal or no startle responses to P105 trials; any subject whose mean startle value on these trials was o10 units was categorized as a 'nonresponder', and their data was not included in the analysis of %PPI. Finally, self-ratings for the LOUDNESS session were treated as raw (nontransformed) data, and were also 'range-corrected' as previously described so that each value was expressed as a fraction of the range (maximum minus minimum) ratings for that subject. Specific post hoc comparisons were made with one-factor ANOVAs or the Fisher's protected least significant difference test (PLSD); a was 0.05. In most cases, post hoc comparisons were limited to tests of specific a priori hypotheses (eg that DA agonist effects on PPI would be interval-dependent). For exploratory post hoc comparisons, a was adjusted to reduce the risk of familywise errors. Neuropsychopharmacology Amphetamine effects on prepulse inhibition NR Swerdlow et al
RESULTS
Rat Studies
Are there interval-dependent effects of amphetamine on PPI in rats?. Amphetamine exhibited dose-dependent reductions in PPI across short-and long-prepulse intervals, in contrast with our previous findings with amantadine (Swerdlow et al, 2001a) , or the direct DA agonists pergolide (Swerdlow et al, 2001d) , bromocriptine (Swerdlow et al, 2002f) , and apomorphine (Swerdlow et al, 2002d) . ANOVA revealed a significant effect of dose (F ¼ 6.86, df 3,30, po0.002) and interval (F ¼ 28.23, df 4,120, po0.0001), and a significant dose Â interval interaction (F ¼ 5.00, df 12/120, po0.0001). Post hoc comparisons revealed that the 3.0 mg/ kg dose of amphetamine significantly reduced PPI at the 60 ms (po0.0001) and 120 ms (po0.0001) intervals; this effect missed significance for the 30 ms interval (po0.02) using a restricted for multiple comparisons, and was also not significant for either the 10 or 20 ms intervals ( Figure  2a) . Examination of the raw startle magnitude on all trial types ( Figure 2b ) revealed that this effect of amphetamine reflected a true disruption of the startle-inhibiting effects of the prepulses, rather than confounding effects of changes in startle magnitude on pulse alone trials.
Human Studies
Are there interval-dependent effects of amphetamine on PPI in humans?
Subject characteristics: Relevant characteristics of placebo and amphetamine group subjects are seen in Table 1 . Groups did not differ significantly in age, caffeine intake, TPQ or SSS scores, or spontaneous blink rates. The mean amphetamine dose was 0.271 mg/kg. One subject was a selfidentified smoker.
PPI of startle: Compared to baseline (pretest) levels of PPI, there was modest evidence that amphetamine reduced PPI early in the test session (during INT1: 25-40 min postingestion), but not in later testing (LOUDNESS or INT2 sessions: 55-75 or 150-165 min postingestion, respectively). Placebo and amphetamine groups exhibited nearly identical levels of PPI during pretesting (Fo0.4; Figure 3, inset) . On the test day, ANOVA revealed a significant effect of prepulse interval (F ¼ 64.72, df 4,112, po0.0001), test time (INT1 vs INT2) (F ¼ 6.93, df 1,28, po0.015) and a near-significant interaction of drug Â time (F ¼ 3.85, df 1,28, po0.06), and no other significant main or interaction effects. Separate between-group comparisons failed to reveal significant effects of amphetamine on PPI in either INT1 or INT2 tests. However, the drug Â time interaction effect was confirmed by the more sensitive measure of PPI difference scores, which assessed postdrug PPI levels relative to each subject's baseline (pretest) values.
With this more sensitive measure, post hoc comparisons revealed a significant effect of amphetamine on PPI difference scores in the INT1 session (effect of drug: F ¼ 5.81, df 1,28, po0.025) but not the INT2 session (effect of drug: Fo0.3). In INT1, ANOVA of PPI difference scores revealed no significant effects of prepulse interval or Figure 2 PPI in rats treated with amphetamine. (a) Percent PPI with 10-120 ms prepulse intervals. ANOVA revealed significant prepulse facilitation at 10 ms prepulse intervals in rats treated with 0.03 mg/kg amphetamine, and a reduction of PPI at 30 ms prepulse intervals and an elimination of PPI at 60-120 ms prepulse intervals in rats treated with 3.0 mg/kg amphetamine (*); by more restrictive criteria (po0.01), only the effects at 60 ms (po0.0001) and 120 ms (po0.0001) reached statistical significance. (b) Raw startle magnitude from data reduced in Figure 2a , showing clear loss of sensorimotor gating at the highest dose of amphetamine. This dose had no effect on startle magnitude on pulse alone trials, but completely eliminated the startle-inhibiting effects of prepulses at all prepulse intervals. drug Â interval interaction. Inspection of the data (Figure 3 ) revealed that PPI in placebo group subjects was increased during INT1 compared to their pretest baselines, while PPI in amphetamine group subjects was reduced during INT1, compared to their pretest baselines; both of these effects appeared to be most robust at short prepulse intervals (10-20 ms) compared to longer intervals. Since one a priori goal of this study was to assess the amphetamine effect across a range of prepulse intervals, post hoc comparisons at each interval were pursued despite the lack of significant drug Â interval interaction. These revealed significant effects of amphetamine on PPI difference scores at 10 ms (po0.015) and 20 ms (po0.04) prepulse intervals, but not at 30 or 60 ms intervals; the effect for 120 ms intervals only reached trend levels (po0.09).
No significant effects of amphetamine on PPI were detected in the LOUDNESS session (Fo0.01; Figure 4a) ; all informative interactions were nonsignificant.
Are amphetamine-induced PPI deficits in humans most easily detected in specific subsets of normal subjects, characterized by personality and physiological markers associated with amphetamine sensitivity and brain DA function? Based on previous reports, we assessed the magnitude of the early PPI-reducing effects of amphetamine in subgroups stratified by their characteristics on measures of personality (subscales of the TPQ and SSS), and spontaneous blink rates. To accomplish this, separate ANOVAs of PPI difference scores were performed with subjects divided by median splits of NS scores, SSS scores, and predrug blink rates. While in some cases, amphetamine effects appeared modestly greater in groups characterized by higher or lower median scores, there were no significant interactions between drug group and any of these exploratory grouping factors. Additional statistical strategies using specific TPQ and SSS subscales, or postdrug increases in spontaneous blink rate failed to reveal informative interactions. Specifically, we were not able to reproduce previously reported significant negative correlations between NS scores and PPI in amphetamine group subjects; in fact, the only statistical trends were towards positive correlations between NS scores and PPI in amphetamine group subjects in INT1 (R ¼ 0.39, NS) and INT2 (R ¼ 0.48, po0.075), and no relation between NS scores and PPI difference scores (R ¼ 0.07). Presented in the manner reported by , our data appear to exhibit very different patterns (Figure 5a) .
The lack of a robust interaction between amphetamine effects and NS scores might have reflected chance differences in baseline PPI among low vs high NS score individuals later assigned to receive placebo vs amphetamine. Analysis of baseline PPI using subsequent drug group assignment and a median split of NS scores revealed no significant effect of drug group (Fo0.3) or interaction between drug group and NS score (Fo0.9). High NS individuals tended to have higher baseline PPI levels, independent of whether they were later assigned to placebo vs amphetamine groups, but this effect reached only trend levels (F ¼ 3.45, df 1,26, po0.075). There were no other significant two-or three-way interactions. Thus, it seems unlikely that chance differences in baseline PPI characteristics might have obscured the ability to detect a positive relation between NS score and amphetamine sensitivity.
Since our previous findings with amantadine (Swerdlow et al, 2001a) suggested that drug effects on PPI might be (data recreated at left of figure) , data from the present study did not reveal lower PPI during amphetamine in subjects with high NS scores; in fact, the opposite trend was observed. (b) Amphetamine group subjects with higher pretest PPI values were most sensitive to amphetamine-induced reductions in PPI during the INT1 session (right panel), while this relation was not evident in placebo group subjects (left panel). This relation in amphetamine group subjects was statistically significant (po0.005) only after exclusion of one extreme value (K).
'range dependent', that is, most robust in individuals whose basal PPI levels were not at 'ceiling' or 'floor' levels, we examined the relation between pretest PPI levels and the effect of amphetamine on PPI difference scores. In placebo group subjects, there was no apparent relation between mean pretest PPI levels and PPI difference scores in INT1 (Ro0.01). Interestingly, a simple regression analysis in amphetamine group subjects was suggestive of such a relation (Figure 5b ). Although the overall regression (R ¼ À0.40) fell short of statistical significance, analysis of the data after exclusion of a single extreme value (see Figure  5b ) resulted in a more convincing pattern (R ¼ À0.73, po0.005). Cautiously, one might interpret these data to suggest that individuals with the highest basal PPI levels were most sensitive to the PPI-reducing effects of amphetamine, but not placebo. Importantly, this relation is not related to the overall 'range' of PPI per se: if this were the case, we would predict that amphetamine effects would be most robust for the longest prepulse intervals, where PPI levels are the highest, while in fact, the opposite was true. Rather, this correlation appears to be based on the pretest PPI characteristics of the test subjects.
Does amphetamine disrupt sensory gatingFmeasured by PPIPSIFand startle reflex habituation in normal human subjects?
Perceived stimulus intensity: Analysis of amphetamine effects on PPIPSI revealed that prepulses reduced perceived startle stimulus intensity overall (effect of trial type: F ¼ 18.18, df 2,56, po0.0001), and when analyzed separately in placebo group subjects (F ¼ 13.29, df 2,28, po0.0001), and in amphetamine group subjects (F ¼ 8.67, df 2,28, po0.002); there was no significant effect of amphetamine on PPIPSI (drug Â trial interaction: F ¼ 1.01, df 2,56, NS). Calculations of range-corrected percent PPIPSI (Figure 4b ) revealed approximately 15% PPIPSI in both placebo and amphetamine groups, averaged over the 12 and 16 dB prepulses. This value is consistent with our previous reports using this and related paradigms 2001a) .
Habituation: Robust habituation was seen in both placebo and amphetamine group subjects (Figure 6a ; effect of trial block: F ¼ 19.29, df 4,112, po0.0001), and ANOVA revealed no significant reduction in habituation in amphetamine group subjects (drug Â block interaction: F ¼ 1.15, df 4,112, NS).
Autonomic and subjective measures: This provided evidence for 'bioactivity' of the active dose of amphetamine (Figure 6b-d) . Compared to placebo group subjects, those receiving amphetamine exhibited increased heart rate, blood pressure, and diminished 'drowsiness'. Some autonomic changes were evident within the first 30 min of pill ingestion, and all increased across the course of the morning test session. Post hoc assessments failed to reveal any consistent differences in autonomic or subjective effects of amphetamine among subjects stratified by TPQ or SSS characteristics (data not shown), although some autonomic effects of amphetamine appeared to be most robust among individuals with low SSS scores.
DISCUSSION
In the present studies, amphetamine clearly disrupted PPI in rats, but its effects in humans were less convincing. Despite the fact that larger cell sizes were used in humans (n ¼ 15/dose) vs rats (n ¼ 8-10/dose), these effects of amphetamine in humans were evident only when postdrug PPI was compared to each subject's pretest baseline level of PPI. We have discussed the use of this 'pretest' design for PPI drug studies as a means to counter the impact of interindividual differences in a between-subject paradigm, and thereby increase the sensitivity to detect drug effects on PPI (Swerdlow et al, 2001b) . Clearly, there is more variability in PPI among a group of normal control humans than there is among a group of genetically identical, agematched rats (eg for 120 ms PPI, SD (rat, vehicle) ¼ 14.94; SD (human, placebo) ¼ 24.43), and the use of PPI difference scores can minimize some of the statistical impact of this human variability. The full within-subject design used by was even more sensitive to the PPI-disruptive effects of amphetamine, although in that study, amphetamine effects were: (1) also supported by a significant drug Â time interaction when analyzed as a single day, between-subject design, and (2) determined to be the result of a subgroup of subjects characterized by high NS scores.
Tests of our first hypothesisFthat the effects of amphetamine on PPI would be interval dependentFyielded mixed results. In rats, amphetamine failed to increase PPI at any interval, unlike effects we have observed previously at short prepulse intervals with direct DA agonists, including pergolide (Swerdlow et al, 2001d) , apomorphine (Swerdlow et al, 2002d) , and quinpirole (Swerdlow et al, 2002e) . The magnitude of the PPI-disruptive effects of the highest dose of amphetamine did appear to be most robust at longer (60- Figure 6 Lack of drug effects on tactile startle habituation (a; comparable reduction in tactile startle magnitude over five trial blocks) but clear evidence of 'bioactivity' of amphetamine, based on measures of heart rate (b; elevated in amphetamine group and reduced in placebo group, across six postpill measurements), 'drowsiness' (c; increased in placebo and reduced in amphetamine group subjects) and systolic blood pressure (d; elevated in amphetamine group and reduced in placebo group).
120 ms) vs shorter (o60 ms) prepulse intervals; in fact, using more restrictive values of a to correct for multiple comparisons, neither the PPI-reducing effects of amphetamine at 10 ms intervals (0.03 mg/kg; po0.025) nor 30 ms intervals (3.0 mg/kg amphetamine, p ¼ 0.02) would achieve statistical significance. While this effect could not simply be explained by differences in vehicle-group PPI levels at these intervals, the lack of clear shifts in amphetamine dosesensitivity across prepulse intervals suggests that longer latency startle inhibition is not necessarily 'more disruptible' by DA release. At the least we must conclude that, compared to direct DA agonists, we found less evidence that the PPI-disruptive effects of the indirect DA agonist amphetamine in rats undergo a categorical change as the temporal separation between prepulse and pulse increases from 10 to 120 ms.
In humans, PPI difference score analyses did suggest that the effects of amphetamine on PPI were interval-dependent, but the specific pattern of the present resultsFgreatest effects of amphetamine at short (10-20 ms) intervalsFcould not have been predicted based on preclinical findings. Thus, while the general 'direction' of amphetamine's effects on PPI was similar across species, the temporal features of these effects were quite different.
Certainly, there are many differences between the rat and human experiments that might 'dilute' the degree of crossspecies homology in these studies. Most obviously, startle is measured differently across species: EMG of orbicularis oculi is measured in humans, while a whole-body skeletomotor response is measured in rats. This motor response in humans reflects activation of the seventh cranial nerve, while in rats it reflects widespread activation of spinal motor neurons. Despite these differences in the neuromechanics of startle generation, virtually all hardware and software 'proximal' to the EMG or motion transducer are interchangeable in the human and rat startle systems in the present studies. Importantly, with this equipment, patterns of prepulse modification of startle (rather than startle per se) exhibit striking homology in rats and humans using a range of prepulse intensities and intervals (Swerdlow et al, 1994; 2001a; present study) . Differences in drug dose, route of administration and pharmacokinetics, and distribution might clearly lead to different behavioral effects across species. Species differences in PPI variability (human4rat) were discussed above, compounded by logistical difficulties of testing an adequate human sample size to overcome such variability. Less likely to impact cross-species homology were minor differences in the startle sessions (eg mean intertrial intervals of 15 s (rats) vs 20 s (humans)) that were designed to accommodate the relatively short-lived effects of subcutaneous amphetamine on PPI in rats (eg Sills, 1999) vs oral amphetamine in humans .
Two forms of sensory or sensorimotor gating assessed in this studyFPPIPSI and tactile startle habituationFwere clearly insensitive to a 20 mg dose of amphetamine. It is difficult to interpret such negative findings, but the lack of amphetamine effect in each case occurred at a time when there was still evidence for amphetamine 'bioactivity'. A divergence between drug effects on PPI vs these two measures was previously observed with amantadine (Swerdlow et al, 2001a), which increased PPI, but disrupted PPIPSI and had no significant effect on startle habituation. Thus, the present study offers at least tentative support for the notion that these three measures of reduced impact of an intense startling stimulus are differentially regulated by brain DA systems.
Both the present study and that of identify subtle but significant PPI-disruptive effects of 20 mg oral amphetamine in normal human subjects. In both studies, 'bioactivity' of amphetamine was confirmed via autonomic and subjective measures. However, there were some notable differences in the findings in these two studies. detected the PPIreducing effects of amphetamine 90 min postingestion, but not 60 or 120 min postingestion. In the present study, we observed these effects 25-40 min postingestion, but not 55-75 or 150-165 min postingestion. And unlike , we failed to observe any significant relations between amphetamine effects on PPI and personality markers associated with brain DA functionFand thus failed to find support for our second hypothesis. In fact, one important pattern observed by Hutchison et al (negative correlation between NS scores and PPI after amphetamine: R ¼ À0.47) was almost precisely arithmetically opposite to that observed in the present study (positive correlation between NS scores and PPI after amphetamine: R ¼ +0.48). Without a direct analysis (eg Fisher's r to Z transformation (Hays, 1966) ), it is impossible to determine whether these correlations are significantly different from each other, but at least it would be safe to conclude that we were unable to replicate this earlier significant negative correlation. PPI levels during amphetamine ingestion are likely a reflection of both 'baseline' PPI characteristics (ie 'trait' features) and amphetamine effects on PPI (ie 'state' features), so one must consider the possibility that these two studies differ in the 'trait' characteristics of the subjects; importantly, the populations tested in the two studies had identical median NS scores (Table 3 ). Many differences in experimental design could account for the somewhat (though not entirely) discrepant findings between the present report and that of . First, their study included both male and female subjects, while ours included only males. Although reported no significant interactions with gender that could account for their significant amphetamine Â time interaction, it is conceivable that even 'nonsignificant' gender differences might have contributed to the different overall statistical impact of NS scores on amphetamine effects in the two studies. Second, recorded right eyeblink PPI, while the present study recorded bilateral measures; however, separate inspection of right eyeblink measures from our present study revealed patterns that were essentially indistinguishable from our combined bilateral measures (Figure 5a ). Third, substantial differences in stimulus characteristics and response ranges (Table 3) , and other design features (eg use of a 'baseline' pretest on the day of drug testing vs 1 week prior to drug testing (present study)) might also have contributed to the small discrepancies. That subtle differences in stimulus characteristics or design features might result in different effects of amphetamine on PPI might seem far-fetched, but is supported by the fact that we previously failed to observe PPI-disruptive effects of amphetamine in a small group of subjects (Swerdlow et al, 2002b ) using a startle session that included only 100 ms prepulse intervals, and a test day that was similar in many ways to the one used in the present study. Based on our present findings (Figure 3) , it is likely that a test session that included only 100 ms prepulse intervals would also have failed to detect amphetamine effects on PPI in the current study.
Some disparity in the outcomes of these studies across sites is not unexpected; even among the numerous published reports of amphetamine effects on PPI in ratsFwhere there is striking consistency in the general outcome (amphetamine disrupts PPI)Fthere are also some inconsistencies in the magnitude, dose, and stimulus sensitivity of this effect across studies (cf Geyer et al, 2001 ). An optimistic perspective is that, despite substantial differences in experimental design, both the present study and that of detected significant, albeit weak PPI disruptive effects of a DA agonist, that might ultimately be suitable for pharmacologic and other mechanistic studies that will shed light on the biology of sensorimotor gating in humans. However, a difficult hurdle in this process is the limited range of drug doses that are suitable for human experiments. Consistent with previous reports (Mansbach et al, 1988; Martinez et al, 1999) , our present data confirm that in rats, the PPI-disruptive effects of indirect DA agonists are relatively weak, occurring most reliably at doses greater than 1 mg/kg amphetamine. While we cannot make direct comparisons of drug doses across species, it is evident that comparable oral doses of amphetamine in drug-naive humans are not ethical. One 'compromise' strategy for the cross-species translation of PPI neurochemistry would involve infrahuman primates; for example, there is promising evidence for homology in the NMDA regulation of PPI between rodents and adult monkeys (Cebus apella) (Linn and Javitt, 2001 ). Other reasonable strategies for maximizing the utility of the human amphetamine/PPI paradigm might include: (1) experimental manipulations that increase the sensitivity of PPI to the effects of the present, relatively low doses of amphetamine (eg limiting studies to individuals with relatively high basal levels of PPI, whom in the present study appeared to be most sensitive to the PPI-disruptive effects of amphetamine); (2) use of higher doses of amphetamine via titration over many days or weeks of oral administration, similar to doses achieved in the treatment of clinical conditions such as attention deficit hyperactivity disorder; or (3) use of alternative routes of drug administration (eg intravenous) or subject populations (eg stimulant abusers). As we pursue this work, together with studies of other DA agonists, we are aware that some of these strategies may limit the feasibility or 'generalizability' of this paradigm and its predictive and construct validity for PPI deficits in specific neuropsychiatric disorders.
